Although recent studies suggest that hyperlipidemia is a risk factor for osteoarthritis (OA), the link between OA and hyperlipidemia is not fully understood. As the number of activated, circulating myeloid cells is increased during hyperlipidemia, we speculate that myeloid cells contribute to the pathology of OA. Here, we characterized myeloid cells in STR/Ort mice, a murine osteoarthritis model, under hyperlipidemic conditions. Ratios of myeloid cells in bone marrow, the spleen, and peripheral blood were determined by flow cytometry. To examine the influence of the hematopoietic environment, including abnormal stem cells, on the hematopoietic profile of STR/Ort mice, bone marrow transplantations were performed. The relationship between hyperlipidemia and abnormal hematopoiesis was examined by evaluating biochemical parameters and spleen weight of F 2 animals (STR/Ort x C57BL/6J). In STR/Ort mice, the ratio of CD11b + Gr1 + cells in spleens and peripheral blood was increased, and CD11b + Gr1 + cells were also present in synovial tissue. Splenomegaly was observed and correlated with the ratio of CD11b + Gr1 + cells. When bone marrow from GFP-expressing mice was transplanted into STR/Ort mice, no difference in the percentage of CD11b + Gr1 + cells was observed between transplanted and age-matched STR/Ort mice. Analysis of biochemical parameters in F 2 mice showed that spleen weight correlated with serum total cholesterol. These results suggest that the increase in circulating and splenic CD11b + Gr1 + cells in STR/Ort mice originates from hypercholesterolemia. Further investigation of the function of CD11b + Gr1 + cells in synovial tissue may reveal the pathology of OA in STR/Ort mice.
Introduction
recent studies have focused on the relationship between primary osteoarthritis (oa) and metabolic factors, including cholesterol, triglyceride, glucose, and adipocytokines [1, 3, 4, 9, 16, 17] . For example, chaisson et al. [3] reported a significant association between women with hand oa and elevated serum cholesterol levels, while hart et al. [9] found that metabolic factors, such as blood glucose and hypercholesterolemia, were linked with the development of knee oa. based on that evidence, they proposed that the etiology of oa had an important systemic and metabolic component. however, the specific effects of these factors on the mechanisms underlying primary oa remain unclear.
dyslipidemia increases the number of circulating neutrophils and activates myeloid cell differentiation, which together contribute to cardiovascular disease. Notably, swirski et al. [18] demonstrated that hypercholesterolemia increases circulating inflammatory monocyte counts, while more recently, Mazor et al. [14] found that an increased rate of superoxide release and cd11b surface expression were positively correlated with the severity of hyperlipidemia. however, in addition to contributing to cardiovascular disease, myeloid cells can also affect oa pathology. Koch et al. [11] reported that monocyte migration into synovial tissue contributes to OA pathology. Based on these findings, we were interested in the effects of hyperlipidemia on oa pathology and the involvement of myeloid cells in oa.
the pathology of oa is often studied in str/ort mice, which represent a well-characterized, spontaneous model of oa [13, 15, 25, 26] . our recent studies have revealed that str/ort mice display human hyperlipidemic-like symptoms such as high serum total cholesterol, high serum triglyceride, and hyperinsulinemia [19, 22] . therefore, investigation of myeloid cell populations in str/ort mice may reveal the relationship between oa pathology and hyperlipidemia.
here, we characterized myeloid cells in peripheral blood, the spleen, bone marrow, and synovial tissue in str/ort mice.
Materials and Methods

Animals
Male str/ort mice (H-2 b ) aged 8-35 weeks were examined together with age-, sex-, and Mhc class iimatched c57bL/6J control mice (H-2 b ) (charles river Laboratories Japan, Yokohama, Japan). c57bL/6 TgN (act-EGFP) OsbY01 mice (H-2 b ; referred to as b6.GFP in this study) were bred in our animal facility. (b6.GFP X b6) F 1 mice were used as the source of bone marrow mononuclear cells (bMNcs), as transgenic homozygous cells emitted excessively strong fluorescence such that both negative and positive cells examined by flow cytometry could not be visualized in the identical plotted field [20] . Specific pathogen-free (SPF) colonies of STR/ ort and c57bL/6J mice were maintained at Nippon charles river Laboratories, Japan (Kanagawa, Japan). the mice were housed in a semi-barrier system with a controlled environment (temperature, 23 ± 2°c; humidity, 55%±10%; lighting, 12-h light/dark cycle) throughout the study. all of the experimental protocols were approved by the Kitasato University school of Medicine animal care committee.
Micro CT analysis
µct (inspeXio sMX-90ct, shimadzu corporation, tokyo, Japan) was used to assess bone marrow space in distal femoral metaphysis and femoral diaphysis using a 12-µm isotropic voxel size, as previously described [21, 24] . Patella dislocations were also evaluated.
Enumeration of femoral mononuclear cells
after epiphyses were removed from mice, the marrow was flushed with ice-cold Hank's balanced salt solution (hbss) containing 0.5% bovine serum albumin (bsa) and 0.02% sodium azide. after the depletion of red blood cells by hemolysis, total numbers of bMNcs were counted using an automated cell counter (countess ® , invitrogen, tokyo, Japan). collected bMNcs were then used in flow cytometric analysis.
Measurements of body and spleen weight
at 8, 10, 12, 20, and 35 weeks, c57bL/6J and str/ Ort mice were sacrificed by deep anesthesia with diethyl ether. body and spleen weights were then measured to calculate the spleen:body weight ratio (reported as mg spleen/100 g body weight). spleens were then used for flow cytometric analysis.
Histological examination
at 35 weeks, the spleens and knees of c57bL/6J and STR/Ort mice were harvested and fixed in a 4% paraformaldehyde phosphate buffer solution. Fixed spleen tissue was then embedded in paraffin and cut into 5-µm sections [10] .
Flow cytometric analysis
bMNcs, splenocytes, and peripheral blood cells (2 × 10 5 cells) were stained with lineage-specific antibodies (anti-cd4, anti-cd8, anti-b-220, anti-Mac-1, or antiGr1; bioLegend, san diego, ca, Usa) in ice-cold hbss containing 0.5% bsa and 0.02% sodium azide, and were then washed once with hbss. after washing, stained cells were examined by flow cytometric analyses on a Facscalibur (becton dickinson and co., Mountain View, ca, Usa). cd11b + Gr1 + cells in bone marrow, the spleen, and peripheral blood were also examined by flow cytometric analyses.
Isolation and staining of leukocytes from synovial tissue in STR/Ort mice
at 35 weeks, the skin of str/ort was removed to confirm the presence of synovial hyperplasia above the patella groove. synovial tissue above the patella was carefully harvested with a scalpel and digested with 1 mg/ml type i collagenase for 2 h at 37°c, and cells were then stained with antibodies against cd11b, cd45, and Gr1.
Mouse BMC transplantation
bMNcs were collected from b6.GFP and str/ort mice by flushing excised femurs and tibias with alphaminimum essential medium (α-MEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml streptomycin. eight-week-old b6, b6.GFP, and str/ort mice were irradiated using an Mbr-1505r X-ray irradiator (hitachi Medical corporation, tokyo, Japan) equipped with a filter (Cu, 0.5 mm; Al, 2 mm) for monitoring the cumulative radiation dose. after the recipient mice received 10.5 Gy irradiation, bMNcs derived from b6.GFP or str/ort were intravenously injected into the irradiated mice [20, 23] .
Flow cytometric analysis of splenocytes after transplantation
single-cell suspensions were obtained from the spleens of irradiated mice six months after the intravenous injection of bMNcs. splenic cd11b + Gr1 + cells were examined by flow cytometric analyses on a FACscalibur system (becton dickinson and co.).
Correlation between spleen weight and biochemical parameters in F 2 mice
Male str/ort mice were crossed with female c57bL/6J mice to generate F 1 offspring. Male and female F 1 mice were then crossed to generate 58 F 2 offspring. To eliminate the influence of OA pathology on the examined biological parameters, we analyzed F 2 mice 10 weeks before the onset of oa. spleen weights were measured, and serum total cholesterol, triglyceride, and glucose levels were then assayed using the Labassay™ series of test kits (Wako Pure chemical industries, Ltd., osaka, Japan) [22] .
Distribution of GFP-positive cells in GFP-labeled bone marrow-transplanted STR/Ort mice
Left knees were obtained from five irradiated STR/ ort mice six months after the intravenous injection of b6.GFP-bMNcs. collected knees were immersed in a carboxymethyl cellulose (cMc) gel, transferred to hexane, and completely frozen using solid co 2 . the frozen femur samples were cut into 6-µm-thick sections using a cM3050 s iV cryomicrotome (Leica Microsystems, Wetzlar, Germany). after the sections were dried, the distribution of GFP-positive cells in the synovium was examined by fluorescence microscopy. The serial sections were also stained with hematoxylin and eosin (he) using standard procedures (Kureha special Laboratory co., Ltd., tokyo, Japan).
Statistical analysis
all statistical analyses were performed using sPss software (Version 11.0; sPss, inc., chicago, iL, Usa). the unpaired t-test was used to examine differences between age-matched c57bL/6J and str/ort mice. Pearson's correlation was used to evaluate the correlations between spleen weight and biochemical parameters or the ratio of the cd11b + Gr1 + population. one-way ANOVA with Tukey's multiple comparison test was used to examine differences in the cd11b + Gr1 + population ratio after bone marrow transplantation. a P value of<0.05 was considered statistically significant.
Results
Hematopoietic parameters in STR/Ort and C57BL/6J mice
We observed a fourfold reduction in the bone marrow cellularity of str/ort mice compared with that of c57bL/6J mice (Fig. 1a) , a finding that was most likely due to decreased marrow space in the femur (Fig. 1b) . the ratio of cd11b + and Gr1 + cells was higher and that of cd4 + and cd8 + cells was lower in str/ort mice compared with c57bL/6J mice (table 1) . however, a significant decrease in the number of both myeloid and lymphoid cells in bone marrow was detected in str/ort mice.
We next attempted to determine if the spleen was functioning as a compensatory site of hematopoiesis in str/ort mice. the corrected spleen weight in str/ort mice was significantly higher than that in C57BL/6J mice at all examined ages (Fig. 2a) . in addition, a pronounced accumulation of megakaryocytes was observed in the splenic red pulp of STR/Ort mice, a finding that is indicative of extramedullary hematopoiesis (Fig. 2c) . the frequency of cd11b + Gr1 + cells in str/ort mice was significantly higher than that in C57BL/6J mice, whereas the number of cd8 + cells was significantly lower. The spleens of str/ort mice increased by approximately twofold in size at all examined ages (Fig. 2a) , an increase that was likely sufficient to compensate for the loss of bone marrow hematopoiesis. hematopoiesis in the spleen was reflected in the peripheral blood (PB) of str/ort mice, which showed increased numbers of cd11b + Gr1 + cells and decreased numbers of cd8 + cells compared with c57bL/6J mice (table 1). in addition, no significant decreases in white and red blood cells, or platelet counts in Pb were detected (data not shown).
Increase in CD11b + Gr1 + cells in STR/Ort mice
We next investigated the population of cd11b + Gr1 + cells in the bone marrow, spleen, and Pb of str/ort mice. the ratio of cd11b + Gr1 + cells in str/ort mice was higher than that in c57bL/6J mice in all three hematopoietic tissues analyzed (table 1). the ratios of splenic cd11b + Gr1 + cells in str/ort mice were also higher than those in c57bL/6J mice at all examined ages (Fig. 2b) . in addition, a positive correlation between the ratio of cd11b + Gr1 + cells and spleen weight was found (Fig. 2b) .
Bone marrow transplantation
to determine whether the increase in cd11b + Gr1 + cells could be reversed by bone marrow transplantation, bone marrow from transgenic GFP mice was transplanted into irradiated c57bL/6J or str/ort recipient mice, and the reconstitution efficiency was then monitored. cantly higher than in age-matched and GFP bone marrow-transplanted c57bL/6J mice (P<0.05), whereas no differences were detected between GFP bone marrowtransplanted and age-matched str/ort mice (table 2) . For the reverse transplantation, in which str/ort bone marrow was transplanted into GFP mice recipients, 96% of the spleen cells were GFP negative (table 2) and all myeloid and lymphoid lineage cells were reconstituted from donor str/ort-derived bMNcs (data not shown). in addition, no differences in the ratio of cd11b + Gr1 + cells were detected between age-matched c57bL/6J mice and str/ort bone marrow-transplanted GFP mice (table 2) .
Analysis of biochemical parameters and spleen weight in F 2 mice
to determine whether hyperlipidemic conditions in str/ort mice contributed to abnormal hematopoiesis, we next analyzed several biochemical parameters in F 2 mice. to evaluate large numbers of F 2 mice, spleen weight was measured as an index of extramedullary hematopoiesis and increased cd11b + Gr1 + cells, because these parameters correlated with spleen weight (Fig. 2b) . serum total cholesterol and triglyceride levels in str/ ort mice were markedly higher than those in c57bL/6J mice. F 2 mice exhibited a number of phenotypes, which included the presence or absence of hyperlipidemia. the spleen weight of F 2 mice correlated with total serum cholesterol (r=0.419, Pearson's correlation coefficient, P<0.001), but not with triglyceride or glucose levels (Fig. 3) .
Analysis of CD11b + Gr1 + cells in synovial tissue
at 35 weeks of age, patella dislocations were observed in 26% of str/ort mice. synovial hyperplasia above the patella groove was also detected in the dislocated patella of str/ort mice (Fig. 4a) . Flow cytometric analysis revealed the presence of cd45 + cd11b + Gr1 + cells in the synovium (Fig. 4b) .
Distribution of GFP-positive cells in GFP bone marrowtransplanted STR/Ort mice
to determine whether patella dislocation in str/ort mice contributed to the recruitment of circulating cells into the synovium above the patella groove, the distribution of GFP-positive cells in GFP bone marrow-transplanted str/ort mice was analyzed. Patella dislocation and synovial hyperplasia in the patellofemoral joint was observed in 20% of GFP bone marrow-transplanted str/ ort mice (Figs. 5a and 5c ). in these mice, cartilage destruction was also observed in mice with patella dislocation, in which GFP-positive cells were predominantly located in the synovium above the patella groove (Figs. 5b and 5d ). in the remaining eight GFP bone marrow-transplanted str/ort mice, patella dislocation, recruitment of GFP cells in the patellofemoral joint, and cartilage destruction were not observed (Figs. 5e-5h ). in addition, no marked difference in the ratio of splenic cd11b + Gr1 + cells was detected between mice with and without patella dislocation (data not shown).
Discussion
in the present study, we showed that str/ort mice display extramedullary hematopoiesis and have increased cd11b + Gr1 + cell populations in the spleen and Pb. bone marrow transplantation experiments and analysis of F 2 mice suggest that these hematopoietic abnormalities in str/ort mice are induced by hyperlipidemia. cd11b + Gr1 + cells were also observed the synovial tissue of str/ort mice with patella dislocation. Further functional analysis of cd11b + Gr1 + cells in the synovium may reveal the relationship between hyperlipidemia and the pathology of oa. the abnormalities observed in str/ort mice, which included larger spleens, increased numbers of megakaryocytic cells, and reduced bone marrow, were remarkably similar to those found in tie2-cre-mediated Pparg knockout mice and Pparg hyp/hyp mice. a recent study reported that PPAR-γ signaling is downregulated in male str/ort mice [28] . in addition, Pparg hyp/hyp mice, which congenitally lack PPAR-γ in white adipose tissue, and tie2-cre-mediated Pparg knockout mice, which lack PPAR-γ in hematopoietic cells, have been found to exhibit splenomegaly and increased megakaryocytic cells and extramedullary hematopoiesis in the spleen [5, 27] . abnormal lipid signaling in str/ort mice may lead to splenomegaly and extramedullary hematopoiesis. it is well known that hyperlipidemic conditions can alter the hematopoietic cell population and/or function. in our present study, str/ort mice also displayed hypercholesterolemia-hypertriglyceridemia properties, similar to the findings of our previous reports [19, 22] . in addition, we found that the cd11b + Gr1 + cell population increased in the Pb and spleen of str/ort mice. cd11b + Gr1 + cells are morphologically heterogeneous, and include neutrophils, macrophages, and early myeloid progenitor cells. Previous studies have reported that cd11b + Gr1 + cells produce reactive oxygen species and contribute to several diseases, including cardiovascular disease and rheumatoid arthritis [2, 8] . de Guijter et al. [7] reported that patients with combined hypercholesterolemia-hypertriglyceridemia have abnormally high numbers of morphologically irregular monocyte-macrophages in the bloodstream. in addition, apoe knockout mice fed a high-fat diet exhibit hypercholesterolemia and increased cd45 + cd11b + Gr1 + cells in Pb [8] . here, the spleen weight of F 2 mice (str/ort × c57bL6J intercross) at 10 weeks before the onset of oa was also positively correlated with total serum cholesterol levels. together, our results suggest that the increase in splenic cd11b + Gr1 + cells in str/ort mice was directly related to the observed hyperlipidemic phenotype, rather than the pathology of oa.
to rule out the existence of abnormal hematopoietic stem cells in str/ort mice, we performed bone marrow transplantations with GFP transgenic mice and str/ort mice. however, no marked differences in the percentage of cd11b + Gr1 + cells were found between recipients and controls for both groups of mice. These findings indicate that the increase in splenic cd11b + Gr1 + cells results from hyperlipidemic conditions rather than the existence of abnormal hematopoietic stem cells.
several types of immune cells, including t cells, b cells, and macrophages, have been observed in the synovium of oa patients with hyperplasia. based on histological analyses, das-Gupta et al. [6] also reported that greater than 40% of str/ort mice exhibit synovial inflammation, with chronic inflammation appearing as diffuse infiltrates of lymphocytes and macrophages scattered throughout the synovia of the affected joint. Using an immunological approach, we found that cd11b + Gr1 + cells were also present in the synovium above the patella groove of str/ort mice with patella dislocation. in addition, histological analysis showed that GFP-positive cells were recruited into the synovium and that cartilage destruction occurred in patellofemoral joints in GFP bone marrow-transplanted str/ort mice with patella dislocation. in contrast, synovial hyperplasia, recruitment of GFP-positive cells, and cartilage destruction were not observed in GFP bone marrowtransplanted str/ort mice without patella dislocation. our results suggested that the increase in circulating cd11b + Gr1 + cells is dependent on hyperlipidemia, while the recruitment of these cells into the synovium and hyperplasia may depend on patella dislocation.
higher superoxide production by cd11b-positive cells has been observed in hyperlipidemic patients [14] . Markers of low-grade inflammatory and oxidative stress are strongly elevated in the hyperplastic synovium of str/ ort mice [12] . in addition, bruhl et al. [2] reported that cd11b + Gr1 + cells are increased in a collagen-induced arthritis model and that these cell populations are depleted in the Pb, spleen, and synovial tissue, leading to marked improvements in arthritic symptoms. Further functional analysis of cd11b + Gr1 + cells in the synovium may reveal the relationship between hyperlipidemia and the pathology of oa.
In conclusion, we have shown the first evidence that circulating and splenic cd11b + Gr1 + cells are increased in str/ort mice with hyperlipidemia. cd11b + Gr1 + cells were also observed in synovial tissue with hyperplasia. Further investigation of synovial cd11b + Gr1 + cells may help shed light on the relationship between hyperlipidemia and oa.
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